Recombination between a herpes simplex virus type 1 vector deleted for immediate early gene 3 and the infected cell genome
Klaus Roemer, Paul A. Johnson and Theodore Friedmann* Center for Molecular Genetics, University of California, San Diego, M-0634 La Jolla, California 92093, U.S.A. We have used a vector derived from a herpes simplex virus type 1 (HSV-I) mutant deleted for 3.6 kbp of the essential immediate early gene 3 to transduce the Tn5 neomycin phosphotransferase (neo r) gene into rodent and primate cells in culture. The transgene was flanked by genomic sequences from the human hprt gene. We demonstrate in this study that sequences introduced by infection with the replication-defective HSV vector can be stably inserted into the cell genome by recombi-nation. Both the efficiency of stable transduction, measured by the number of neor-positive colonies, and the number and length of the transgene sequences inserted into the cell genome were found to be a function of cell type. The transduction efficiency appeared to be influenced, at least in part, by the cytopathic potential of the replication-defective HSV-1 vector, which was more pronounced in primate than in rodent cells.
Studies of eukaryotic viruses such as the papovaviruses, adenoviruses, vaccinia virus and retroviruses as gene transfer vehicles have demonstrated the strengths and versatility of viral vectors. However, inadequacies of many viral vectors, especially of retroviruses, are associated with their limited capacity for foreign DNA, low virus titres and a limited host cell range (for review see Friedmann, 1989) . Recently, herpes simplex virus type I (HSV-1), a dsDNA virus of 150 kb genome size, has elicited considerable interest as a gene transfer vehicle for several reasons. Mutants of HSV-1 that are completely replication-defective yet are able to initiate infection have been isolated and characterized (reviewed in Breakefield & DeLuca, 1991) . Large parts of the HSV genome are dispensable and therefore might potentially be replaced by foreign DNA (see, for instance, Longnecker & Roizman, 1987) . In addition, the virus can be grown to high titres and is able to infect a wide variety of cell types, including non-dividing cells (Roizman & Sears, 1990) . During the productive cycle, linear HSV DNA molecules circularize soon after infection (Jacob & Roizman, 1977) , probably by direct ligation of the termini. During latency, the HSV genome is also thought to exist as a circular episome (Stevens, 1989) . However, fragments of HSV DNA can become integrated into the genome of infected cells, as is the case, for example, in some instances of cervical neoplasia (Macnab, 1987) . Replication-defective mutants of HSV-1 have been employed as vectors for gene transfer into neurons (Chiocca et al., 1990; Dobson et al., 1990) but the fate of a replication-defective viral genome in an infected cellis 0001-0744 © 1992 SGM unclear. We therefore examined the possibility that the viral DNA can undergo recombination with the infected cell genome. We constructed a replication-defective HSV-1 vector to transfer a dominant selectable marker gene, the Tn5 neomycin phosphotransferase (neo r) gene, into a variety of cells to confer stable G418 resistance as a result of recombination between vector sequences and the infected cell genome.
We have used the HSV-1 immediate early gene 3 (IE3) deletion mutant D30EBA [kindly provided by T. Paterson and R. D. Everett, Medical Research Council Virology Unit, Glasgow, U.K. (Paterson & Everett, 1990) ] as the parental virus, since an HSV-1 mutant deficient for the IE3 gene product, Vmw175, cannot produce a lytic infection in cells which lack the IE3 gene. This type of mutant also expresses the smallest number of viral genes compared to other available mutants, yet remains fully infectious. We inserted DNA sequences consisting of the 7.5 kb genomic XbaI fragment of the human hprt gene (Kim et al., 1986) , including exons 6, 7 and 8, together with the neo ~ gene driven by the simian virus 40 (SV40) early promoter-enhancer into an intergenic site in the BamHI z fragment of D30EBA (Fig. 1 ). The hprt fragment was originally chosen as a functionally neutral sequence with similarity to the cellular hprt gene to investigate homologous recombination between the viral transgene and its cellular counterpart. The plasmid pGX40Xba contains the 1-9 kb BamHI z fragment whose unique RsaI site between the 3' co-termini of genes US8, 9 and US10, 11 and 12 (McGeoch et al., 1985) had been converted by linker UI. Us insertion into an XbaI site [a gift from F. J. Rixon, Medical Research Council Virology Unit, Glasgow, U.K. (Rixon & McLauchlan, 1991) ]. We cloned the 7-5 kb XbaI hprt fragment (Kim et al., 1986) into the XbaI site of a derivative of pGX40Xba, which contains the modified HSV-1 fragment, now flanked by KpnI sites, in the background of pBluescript KS (Stratagene). The hprt fragment contains a single XhoI site (Kim et al., 1986) into which we inserted a 2 kb EcoRI fragment containing the neo r gene driven by the SV40 early regulatory sequences from positions 5172 to 270 of the SV40 genome [according to the BBB numbering system (Buchman et al., 1981) ]. The neo r gene was terminated by the HSV-1 thymidine kinase (tk) gene polyadenylation site contained in a 0.45 kb SmaI-HindlII fragment of plasmid ptk/AY-l-13(5'-109) (McKnight et al., 1981) . The resulting plasmid, pGhneo, was cut by KpnI to create a linear fragment (BamHI z-hprt-SV4Oneotk-hprt-BamHI z) (Fig. 1) , which was transfected by standard procedures (Graham & van tier Eb, 1973) into M64A cells expressing the HSV-1 IE3 gene upon infection and therefore complementing the IE3 deficiency of the virus mutant D30EBA (Davidson & Stow, 1985) . Six hours after transfection, the cells were superinfected with D30EBA at an m.o.i, of 10 p.f.u./cell. After complete lysis, virus was harvested and plated at about 500 p.f.u. per 106 E5 cells per 100 mm plate. E5 is derived from a Vero cell line and expresses a stably transfected IE3 gene to complement the IE3 deficiency of D30EBA (DeLuca & Schaffer, 1987) . Plates were overlaid with 0-8~o agarose, and plaque hybridization (Johnson et al., 1991) using the neo r gene as a probe was performed to identify viruses into which the foreign DNA had been integrated. The correct genomic structure of the isolated recombinant virus hneoA3 was confirmed by Southern blot analysis (not shown). Virus hneoA3 was unable to grow in cells which do not express IE3. The virus titre was determined on E5 cells.
This study was designed to determine whether virustransduced DNA becomes incorporated into the genome of cells, whether there are single or multiple integration sites, what the typical size range of the integrated viral sequences is, and whether there is evidence for preferred recombination breakpoints in the viral DNA. The rodent cell lines BHK (ATCC CCL10), NIH3T3 (ATCC CRL1658) and 208F (a rat fibroblast cell line provided by I. Verma, La Jolla, Ca., U.S.A.), and the primate cell lines Vero (ATCC CCL81), HepG2 (a human hepatocarcinoma line provided by K. Matsubara, Osaka, Japan) and 9HTEO-(a human trachea epithelial cell line provided by D. Gruenert, San Francisco, Ca., U.S.A.) were plated at a density of 5 x 104 cells per 35 mm plate. Cells were infected at an m.o.i, of 1, 10 or 100 p.f.u./cell for 6 h, then harvested by trypsinization and replated on 150 mm plates. At 48 h after infection, the medium was supplemented with 400 ~tg/ml G418 to select for cells expressing a functional neo r gene. After 10 to 14 days in selection, the resulting colonies were counted. Detailed genomic analysis of the integration event was performed on a number of cell clones isolated and expanded from different plates.
In the rodent cell lines BHK, NIH3T3 and 208F, the frequency of stable neo r gene transfer increased with increasing m.o.i, of hneoA3 (Table 1 ). The highest frequency was achieved in BHK cells at an m.o.i, of 100, generating about one G418-resistant colony per 600 cells exposed to virus. Interestingly, the African green monkey cell line Vero produced only about one colony per 25 000 cells, and the ratio did not increase at higher m.o.i. (Table 1) . No colonies were obtained from the two human cell lines, HepG2 and 9HTEO-, although other experiments had shown that these cell lines were able to produce G418-resistant colonies when infected with a retrovirus expressing the neo r gene (data not shown).
To examine the possibility that the differences in colony formation after infection with hneoA3 reflect a different susceptibility of these cell lines to infection, we repeated the infections with another recombinant HSV-1 vector, CgalA3, carrying the Escherichia coli/~-galactosidase gene (lacZ) driven by the human cytomegalovirus IE gene promoter inserted into the BamHI z fragment of D30EBA (Johnson et aL, 1991) . Infections of cells at 10~ confluence with CgalA3 at an m.o.i, of 100 p.f.u, per cell led to 100~ blue-staining cells (data not shown), demonstrating that under these experimental conditions all cells in a population can be successfully infected and that differences in G418-resistant colony formation are not a result of different susceptibility of the cells to HSV-1 infection. Detailed analyses of the fate of cells infected by D30EBA (Johnson et al., 1992) have revealed that this virus is cytotoxic, even though it is incapable of lytic infection and expresses only a small subset of viral genes (Paterson & Everett, 1990) , and that cytopathic function requires HSV-1 gene expression. We have therefore examined the possibility that the differences in the efficiency of colony formation after infection of the various cells with hneoA3 reflected different sensitivities of the cells to this virus mutant. For this purpose, 5 x 104 ceils, either BHK or Vero, were seeded on 35 mm plates, producing 10~ confluent monolayers. The cells were then either mock-infected or infected with hneoA3 at an m.o.i, of 100 p.f.u./cell for 6 h, harvested by trypsinization, and counted. Volumes of cell suspension containing about 400 cells were seeded on 100 mm plates and the cells were grown in the absence of selection for 10 days to form colonies. The results outlined in Table 2 show that about half of the BHK cells infected at an m.o.i, of 100 were able to form colonies, but only about 8 ~ of Vero cells were capable of forming colonies. Although the viability of infected BHK cells was sevenfold higher than that of Vero cells under these conditions, the frequency of stably transformed cells after infection with the same dose of hneoA3 was about 80-fold higher. Therefore, the more pronounced cytotoxicity of the virus to Vero cells than to BHK cells probably accounts for only part of the difference in stable transduction frequency between these two cell types. Since colony formation under G418 selection after infection with hneoA3 implies successful integration and expression of the neo ~ gene in the recipient cell genome, the low transduction frequency of Vero cells could also be the result of different recombinogenic abilities or reduced expression of the marker gene. Northern blot analysis of neo r mRNA from BHK and Vero cell clones did not reveal significant differences in the accumulation of neo r transcript (not shown). However, differences in the recombinogenic abilities between Vero and BHK cells appear to exist, as outlined below.
BHK, NIH3T3, 208F and Vero cells were infected with hneoA3 at an m.o.i, of 10 and selected in G418 for 10 days. Genomic DNA prepared from independently isolated clones was digested with PstI or EcoRI and subjected to Southern blot analysis, employing five different DNA probes covering the Us region of hneoA3 (Fig. 3) . Fig. 2 illustrates examples of Southern blots performed on the genomic DNAs from 208F-and Vero-derived cell clones, designated 208F neo 1 to 3 and Vero neo 1 to 5. The molecular maps deduced from such blots are outlined in Fig. 3 and were derived assuming the smallest possible number of breakage-reunion events. The recombination breakpoints were determined within the limited resolution permitted by electrophoresis and the choice of the DNA probes and restriction enzymes.
In all rodent cell clones derived from hneoA3-infected BHK, NIH3T3 and 208F cell lines, large parts of the Us region of hneoA3 were integrated into the cellular genome along with the neo r transgene (Fig. 3) . Furthermore, in 13 of 13 clones, viral DNA fragments were inserted at several different sites in the genome, indicating that the clones were probably derived from cells that had incorporated several viral genomes. The mapping analysis also revealed the existence of preferred recombination breakpoints which mapped between DNA probes 1 and 2 (region 1) in the Us portion of the viral genome (14 of 30 integrated fragments) and between DNA probes 2 and 3 (region 2) in the hprt gene sequences (15 of 30 integrated fragments). Very few breakpoints mapped between probes 4 and 5 (two of 30 integrated fragments). Rather surprisingly, probe 2 often hybridized to additional P s t I fragments of various sizes which were not recognized by probe 3, giving rise to the many probe 2-specific fragments in Fig. 3 which lack the neo r gene. Possible explanations for the abundance of probe 2-specific fragments include the presence of sequences that facilitate recombination in this region of the HSV genome, and, less likely, selective advantages conferred by the presence of these sequences.
The molecular organization of the integrated sequences in Vero cells was different from that in the rodent cell clones. None of the five G418-resistant Vero clones which were isolated from independent plates contained any detectable HSV DNA; the fragments inserted in the Veto cell genomes consisted of only the neo r gene and adjacent h p r t sequences (Fig. 3) . Possible reasons for this include the existence of a recombination mechanism in Veto cells that allows DNA of only limited length to be incorporated. It has been reported that the integration of DNA by recombination in certain cell types of primate origin may be limited to about 6 kb (Colbere-Garapin et al., 1986; Mayne et al., 1988) . Vero cells, for instance, had been found to integrate only 4 to 6 kb of DNA in calcium phosphate coprecipitationbased chemical transfection experiments employing aminoglycosyl-3'-phosphotransferase as a selectable marker, and HepG2 cells had incorporated only about 2 kb more than Veto ceils, whereas mouse LM cells were able to integrate up to 186 kb of DNA stably in transfections (Colbere-Garapin et al., 1986) . This suggests that the mechanisms involved in determining the degree and extent of integration of chemically transfected DNA or HSV-l-transduced DNA into mammalian cells may be similar. However, the inability to obtain G418-resistant HepG2 clones in our study may reflect a more pronounced cytotoxicity of the HSV-1 IE3 deletion mutant in this cell type.
Remarkably, all five Veto clones stably transformed by hneoA3 and harvested from different plates had incorporated at least four copies of the neo r gene in a way that the sequences produce the same pattern of P s t I restriction fragments in Southern blot analysis (Fig. 2b ). This suggests that in Vero cells, but not in BHK, NIH3T3 or 208F cells, amplification of DNA sequences was associated with the integration of the transgene or may have occurred after the transgene had been including the neo r gene flanked by human hprt sequences (wavy lines) and the 3.6 kb deletion in IE3 (AIE3). The five DNA probes used for mapping (1 to 5, see also legend to Fig. 2 ) and the restriction fragments generated by PstI (P) (thick lines) and EcoRI (R) (hatched lines) are outlined below the map. The sizes of the fragments are given in kb.
Fragments of the Us region of hneoA3 identified by Southern blot analysis in the genome of stably transformed BHK, NIH3T3, 208F and Vero cells are drawn as black bars and are aligned to the map. Each unit in brackets represents one cell clone. The exact endpoints of these fragments were not determined. Break and reunion sites between viral and cellular DNA sequences during recombination lie within the dotted lines. Regions encompassing the most frequent recombination breakpoints are indicated (regions 1 and 2).
incorporated into the genome, as has been described for the stable integration of plasmid sequences after chemical transfections (Gebara et al., 1987; Sweet et al., 1981) . A lower efficiency of recombination and/or higher cytotoxicity of the IE3-deficient virus mutant in Vero cells compared to BHK cells may be responsible for the substantially lower number of G418-resistant colonies obtained with Vero cells in contrast to rodent cell lines. The DNA of the Vero cell clones digested with SmaI and BamHI, as well as rodent DNA digested with PstI, revealed linking fragments of different sizes (Fig. 2 , probe 5 hybridized to PstI fragments of clones 208F neo 1 to 3; other data not shown). Linking fragments contain the recombination break-and joining-points between the inserted and the genomic DNA. The presence of different linking fragments excludes the possibility that the insertion events were site-specific. Earlier studies have demonstrated that HSV-1 inactivated by irradiation with u.v. light is capable of stably transducing the HSV tk gene into cells with a tkphenotype (Munyon et al., 1971) . In addition, a u.v.inactivated recombinant virus containing an aprt gene incorporated into the tk locus of the HSV-1 genome was able to transform aprt-Chinese hamster ovary cells to the aprt + phenotype (Tackney et al., 1984) . Transfer of the viral tlc gene by u.v.-irradiated HSV-1 into mouse L cells was optimal at an m.o.i, of about 20 p.f.u, per cell, generating frequencies of colony formation between 10 -5 and 10 -3 (Munyon et al., 1971) , results that are consistent with our data. However, the earlier studies relied on the use of u.v.-inactivated virus, and variable results are possible as a function of u.v. doses.
The vector hneoA3 was originally designed to test for homologous recombination between a viral transgene and cellular target sequences. Our intention was to infect human cell lines which contain only one X chromosome and therefore only one hprt gene as a target for recombination with the human hprt sequences contained in hneoA3. However, we have so far been unable to obtain any neo n colonies following infection of human cell lines with hneoA3, possibly due to the cytotoxicity of the IE3 mutant vector in human cells. The level of similarity between hprt genomic sequences in rodent and primate cells is unlikely to be sufficient to promote homologous recombination, and we have therefore been unable to shed light on the process of homologous recombination between viral and cellular genomes. In summary, we have shown that DNA sequences transduced by a replication-defective HSV-1 vector can be stably inserted into the infected cell genome by recombination, and that the efficiency of recombination and the number and length of inserted DNA sequences depend on the infected cell type.
